Molecular and isotope measurements of gases from gas pockets at ODP Leg 141 Sites 859, 860, 861, and 863 are reported. The δ'
INTRODUCTION
Seismic sections across the Chile margin in the forearc region indicate the presence of bottom-simulating reflectors (BSRs). BSRs are thought to mark the base of a layer of gas hydrates (Shipley et al., 1979) , and have been associated with actual recovery of hydrates (Shipley and Didyk, 1982) . Hydrates are ice-like solids that contain large concentrations of gas, predominantly methane (Kvenvolden and Barnard, 1983) . The hydrate layer is thought to be in pressure-temperature equilibrium with free hydrocarbon gases (Miller et al., 1991) . Ocean Drilling Program (ODP) Leg 141 in the vicinity of the Chile Triple Junction (Fig. 1) has, for the first time, intentionally penetrated the base of the hydrate layer. The hydrate layer was penetrated at three sites (Sites 859, 860, and 861) . Although no frozen gas hydrates were recovered, sediments contained abundant methane at all three sites.
The carbon isotope composition of methane is widely used for the genetic classification of hydrocarbon gases (Rosenfield and Silverman, 1959; Bernard, 1978; Schoell, 1980; Rice and Claypool, 1981) . It allows the distinction between bacterial and thermogenic hydrocarbons. Schoell (1980) and Whiticar et al. (1986) have shown additionally that the hydrogen isotope composition of methane in combination with the carbon isotope composition characterizes different pathways of bacterial methane formation. Here, we investigate the genetic characterization of light hydrocarbons by analyses of stable carbon and hydrogen isotope compositions in combination with molecular compositions of gases.
GEOLOGIC SETTING
At the Chile Triple Junction (Fig. 1) of a trench-slope basin directly above the subducted spreading axis as a strike transect with Site 859.
METHODS
Gas pockets visible in the core through clear plastic core liner were tapped with a hollow punch, and samples were expanded into 20-ml evacuated sample tubes (vacutainers) aboard JOIDES Resolution. The molecular compositions of hydrocarbon gases were determined on a Hewlett-Packard 5890a gas chromatograph.
For the isotope analyses the individual gas components were separated by a gas chromatograph and subsequently combusted to CO 2 and H 2 O over CuO at 850°C, using a vacuum preparation line (Schoell, 1980) . The combustion produced H 2 O is reduced to H 2 by reaction with zinc in sealed glass tubes at 480°C (Vennemann and O'Neil, 1993) .
The stable carbon and hydrogen isotope values of methane were measured using a VG Isotech Sira Series II mass spectrometer. Enough ethane was available from several samples for carbon isotope measurements. Isotope ratios are reported in the usual δ-notation relative to the PDB (Pee Dee Belemnite) standard for carbon and SMOW (Standard Mean Ocean Water) standard for hydrogen:
where RJR b is 13 C/ 12 C and D/H, respectively. The reproducibility of isotope values is ±0.15‰ for δ 13 C of methane, ±0.3‰ for δ 13 C of ethane, and ±3%c for δD of methane.
RESULTS AND DISCUSSION
Vacutainer gas samples from four sites analyzed in this study are listed by depth of burial in Table 1. δ 13 C values of methane and ethane and δD values of methane determined in this study are reported, as well as the shipboard determination of hydrocarbon composition. Gas pockets frequently appeared and high concentrations of methane were consistently observed at Sites 859,860, and 861 drilled along the eastwest dip transect. At Site 863 drilled as the strike transect with Site 859, gas pockets were relatively rare, and concentrations of methane were low in most vacutainer samples. Only two samples had enough methane for isotope analyses at Site 863. Carbon dioxide concentrations are below 0.1% (1000 ppm) in all samples. We could not measure carbon isotope values of CO 2 due to its low concentration. 
The δ
13 C values of methane range between -86%o and -61‰ (Table 1 ). The C,/(C 2 + C 3 ) ratios of all vacutainer samples are higher than 300. Those isotope and molecular compositions indicate methane was mainly produced by bacterial activity (Fig. 2) . Bacterial methane formation follows two principal pathways (i.e., CO 2 reduction and fermentation; Schoell, 1980; Jenden and Kaplan, 1986; Martens et al., 1986; Whiticar et al., 1986; Burke et al, 1988) . The fermentation processes are usually more important in recent freshwater sediments and swamps, while methane formed by CO 2 reduction is most common in marine sediments (Whiticar et al., 1986) . Recent studies however revealed that the methanogenic pathway is not controlled by depositional environment but mainly controlled by temperature, organic substrate, and age of sediments (Schoell, 1988) . CO 2 reduction-derived methane and fermentation-derived methane can be differentiated by their deuterium concentration. Fermentationderived methane is characterized by its depletion in deuterium. δD values of vacutainer gas samples in this study range between -249%o and -163‰ (Table 1) , indicating methanes were generated by bacterial CO 2 reduction (Fig. 3) . Methanogenic CO 2 -reducing bacteria are generally active after sulfate depletion by sulfate-reducing bacteria (Claypool and Kaplan, 1974) . This mechanism of methanogenesis is consistent with the observation that relatively low sulfate concentrations in interstitial waters accompany with abundant methane at Sites 859, 860, and 861, while high concentrations of sulfate with low concentrations of methane are observed at Site 863 .
Methane isotope profiles with depth at Sites 859,860, and 861 are compiled in Figure 4 . The BSR lies at approximately 100, 200, and 250 mbsf (meters below seafloor) at Sites 859, 860, and 861, respectively. No distinct change of the δ 13 C values of methane or molecular compositions are observed at those depths. Theδ l3 C values of methane become heavier with increasing depth in the upper 200 m at all sites. These changes accord with the predictions of the theoretical model, which assumes the bacterial formation of CH 4 by reducing CO 2 under closed-system conditions (Claypool and Kaplan, 1974) . When CH 4 is generated in sediments, the £CO 2 reservoir becomes depleted in 12 C because of preferential removal of 12 C-enriched CO 2 to form CH 4 .
The concentrations of ethane range from 0 to 3000 ppm. The decrease of CyC 2 ratios with increasing depth in the upper 200 m are observed (Fig. 5) . Ethane and higher hydrocarbons generally increase in concentration with depth in other DSDP and ODP cores (Emeis and Schoell, 1988) . Fields BR and BF are the areas which encompass bacterial methanes that form by CO 2 reduction and fermentation, respectively. Field T is the area which encompasses methane of thermogenic origin. . C]/C 2 ratio profile of hydrocarbons from gas pockets at Sites 859, 860, and 861. Kvenvolden, 1986) . Ethane and higher hydrocarbons are generally interpreted as thermogenic components resulting from both thermal degradation of indigenous organic matter in sediments and/or upward migration from deeper, more mature strata. However, active formation of bacterial higher hydrocarbons has been observed in anaerobic bacterial culture experiments and incubation studies of sediments from different aquatic environments (Vogel et al., 1982; Oremland et al., 1988) . This kind of experimental evidence, combined with the common observation of small quantities of ethane and higher hydrocarbons in recent marine sediments, has led some authors to suggest bacterial and low temperature chemical processes as a reasonable source for these hydrocarbons Kvenvolden and Redden, 1980; Whelan et al., 1980 ). δ 13 C values of ethane were measured on 13 samples below 200 mbsf at Sites 860 and 861, and one sample at 70 mbsf at Site 863, ranging between -70%o and -AA‰ (Table 1 ). The δ 13 C values of ethane of core gases from ODP Leg 84, Site 570 are fairly uniform, ranging from -24‰ to -26%o in six sections, indicating a thermogenic origin (Jeffrey et al., 1985) , and those values measured on sorbed gases from ODP Leg 112, Sites 679, 680, and 682 range from -38‰ to -25%e for 22 samples except for one data of -48.3‰, also indicating a thermogenic origin (Whiticar and Suess, 1990) . Ethanes of this study are depleted in 13 C compared to these data, and the carbon isotope compositions are among the lightest values reported for ethane in natural gas. The 6
13 C values of organic matter in the sediments of this region averages about -25‰ (Waseda et al., this volume). The differences between the δ 13 C values of ethane and organic matter in this region are approximately 20‰ to 45%e. Such large fractionation can not be explained by thermogenic or low temperature chemical reaction. Therefore, we conclude that the origin of this isotopically light ethane is mainly bacterial. Isotopically light (-58%o to -45%o) biogenic ethane has also been reported in natural gas samples from Italy (Mattavelli et al., 1992) . Propane and higher hydrocarbons can also be generated by bacterial activity . However, the detection of heavier hydrocarbons extending up to C 7 in vacutainer and headspace gases in deeper layers below 200 mbsf and presence of well-matured extracted bitumens in some sediment samples strongly suggest the existence of migrated thermogenic hydrocarbons Didyk et al., this volume) . The δ 13 C values of ethane become heavier from -60%c to -45%c and the Q/C3 ratios decrease with increasing depth at the interval of 350 to 450 mbsf at Site 860, while the δ 13 C values of ethane are almost constant and the Q/C3 ratios are also constant, ranging between I0 5 and I0 6 at Site 861 (Figs. 6 and 7) . The δ 13 C values of ethane and Q/C3 ratios show negative correlation at Site 860 (Fig. 8) . If propane is mainly derived from thermogenic decomposition of organic matter, these changes in the δ 13 C values of ethane and C,/C 3 ratios at Site 860 can be explained by the increase of thermogenic hydrocarbon contribution with increasing depth. The low degree of maturation of the organic matter is observed at all sites of Leg 141 in accordance with the shallow depth of burial of the sediments and low bottom hole temperature. We therefore suggest the thermogenic hydrocarbon components are not generated in situ but have migrated from more mature strata.
Since the concentrations of ethane are too low, we could not measure the δ 13 C values of ethane at Site 859. In deeper strata below 200 mbsf, C]/C 2 ratios at Site 859 are higher than those of Sites 860 and 861 (Fig. 5) . On the other hand, C,/C 3 ratios at Site 859 are lowest among three sites (Fig. 7) . Judging from these results, at Site 859, we infer bacterial ethane production is least active and thermogenic hydrocarbon contribution in deeper strata below 200 mbsf is highest among three sites. The methane isotope depth profile at Site 859 is rougher than the profiles at Sites 860 and 861, and a positive spike is observed at 231 mbsf (Fig. 4) . The downhole geothermal gradient at Site 859 is extremely nonlinear downhole, showing active lateral fluid flow, and the evaluation of the temperature data recorded at 240 mbsf shows that the borehole fluid at this depth was substantially hotter, indicating the injection of hot fluids into the borehole from an aquifer of limited stratigraphic thickness in the near vicinity (Shipboard Scientific Party, 1992) . The depth of this thermal anomaly almost coincides with the depth of the positive spike on the methane isotope depth profile, indicating theπnogenic hydrocarbons have migrated with hot fluids.
To calculate the mixing ratio between bacterial and thermogenic gases, we assume that the isotopic compositions of the thermogenic end member are -45‰(CH 4 ) and -29%e(C 2 H 6 ), adopted from the isotope data of gas hydrate recovered in Gulf of Mexico whose origin is clearly classified as thermogenic (Brooks et al., 1984) , and the molecular composition is 90% methane, 5% ethane, and 5% other gases. The bacterial end member is assumed to be the composition of Sample 141-861C-32X-2, which has the most 13 C-depleted ethane at Sites 860 and 861. The mixing line is shown in Figure 9 , indicating the contribution of thermogenic gas does not exceed 5% of total gas in this case. -80 δ 13 c (C2H6) Figure 9 . Carbon isotope compositions of methane and ethane from gas pockets at Sites 860 and 861. Dashed line indicates mixing between bacterial and thermogenic gases, supposing carbon isotope compositions of thermogenic end member (T) are -45‰ (methane) and -29‰ (ethane), and molecular composition is 90% methane, 5% ethane, and 5% other gases. The percentages of thermogenic components in total gases are shown with the mixing line.
SUMMARY
are thought to mark the base of a layer of gas hydrates. The hydrate layer was penetrated at three sites (Sites 859, 860, and 861). Although no frozen gas hydrates were recovered, sediments contain abundant methane at all three sites. The δ 13 C values of methane range between -86%e and -61%o. The δD values of methane range between -249‰ and -163‰. The C,/(C 2 + C 3 ) ratios of all studied samples are higher than 300. These data indicate methane is mainly produced by bacterial activity, and the primary methanogenic pathway is CO 2 reduction.
The δ'
3 C values of ethane range between -70‰ and -44‰, indicating the origin of ethane is also mainly bacterial.
In deeper strata below 200 mbsf at Site 860, the δ 13 C values of ethane become heavier from -60‰ to -45%e and the C,/C 3 ratios decrease with increasing depth. This indicates the presence of a small amount of thermogenic hydrocarbons. Judging from Q/C3 ratios, the contribution of thermogenic gases is highest at Site 859, located nearest to the spreading ridge, and lowest at Site 861 among three sites drilled on the trench slope of the continental margin. The low degree of maturation of the organic matter suggest the thermogenic hydrocarbon component are not generated in situ but has migrated from more mature strata, possibly driven by active fluid flow in these strata.
